Novak ML, Billich W, Smith SM, Sukhija KB, McLoughlin TJ, Hornberger TA, Koh TJ. COX-2 inhibitor reduces skeletal muscle hypertrophy in mice. Am J Physiol Regul Integr Comp Physiol 296: R1132-R1139, 2009. First published January 28, 2009 doi:10.1152/ajpregu.90874.2008.-Anti-inflammatory strategies are often used to reduce muscle pain and soreness that can result from high-intensity muscular activity. However, studies indicate that components of the acute inflammatory response may be required for muscle repair and growth. The hypothesis of this study was that cyclooxygenase (COX)-2 activity is required for compensatory hypertrophy of skeletal muscle. We used the synergist ablation model of skeletal muscle hypertrophy, along with the specific COX-2 inhibitor NS-398, to investigate the role of COX-2 in overload-induced muscle growth in mice. COX-2 was expressed in plantaris muscles during compensatory hypertrophy and was localized mainly in or near muscle cell nuclei. Treatment with NS-398 blunted the increases in mass and protein content in overloaded muscles compared with vehicle-treated controls. Additionally, the COX-2 inhibitor decreased activity of the urokinase type plasminogen activator, macrophage accumulation, and cell proliferation, all of which are required for hypertrophy after synergist ablation. Expression of insulin-like growth factor-1 and phosphorylation of Akt, mammalian target of rapamycin, and p70S6K were increased following synergist ablation, but were not affected by NS-398. Additionally, expression of atrogin-1 was reduced during hypertrophy, but was also not affected by NS-398. These results demonstrate that COX-2 activity is required for skeletal muscle hypertrophy, possibly through facilitation of extracellular protease activity, macrophage accumulation, and cell proliferation.
ANTI-INFLAMMATORY STRATEGIES are commonly used to reduce muscle pain or soreness that can result from exercise, especially high-intensity resistance training. However, studies indicate that acute inflammation may play important positive physiological roles in skeletal muscle repair and growth. Treatment with common nonsteroidal anti-inflammatory drugs (NSAIDs) can reduce postexercise muscle protein synthesis (46) , inhibit muscle hypertrophy (42) , and reduce force and torque production during long-term recovery from injury (32) . Thus, the acute inflammatory response appears to be important in muscle remodeling. However, much remains to be learned about the role of the inflammatory response in muscle hypertrophy.
NSAIDs reduce inflammation in part by inhibiting the cyclooxygenase (COX) enzymes, which convert arachidonic acid to precursors of the prostaglandins and thromboxanes (33) . COX-1 is constitutively expressed in most tissues, and is believed to have a homeostatic role (20) . In contrast, COX-2 expression is increased by inflammatory stimuli, and COX-2-derived prostaglandins are typically considered proinflammatory (14) . COX-2 metabolites are involved in regulating pain responses, blood flow, platelet activation, leukocyte adhesion, and tissue infiltration (14, 20) . Selective COX-2 inhibitors effectively reduce pain, inflammation, and fever, without the gastrointestinal side effects associated with nonspecific NSAIDs (33) . However, recent studies have demonstrated that COX-2 has important physiological functions in addition to its role as an inflammatory mediator. Indeed, potential side effects of COX-2 inhibitors include increased risk of hypertension and myocardial infarction (33) .
COX-2 has been shown to influence a number of different pathways that may contribute to muscle hypertrophy. COX-2 activity is essential for efficient repair after muscle injury (8, 40) , as well as recovery from atrophy (9) . Inhibition of COX-2 during skeletal muscle regeneration results in increased fibrosis, elevated expression of transforming growth factor-␤ and myostatin, and reduced inflammatory cell accumulation (8, 40) . In addition to anti-inflammatory effects, COX-2 inhibitors can affect muscle cells directly; cyclical stretch of cultured myoblasts causes an increase in COX-2 expression, and inhibition of COX-2 abolishes stretch-induced myoblast proliferation (34) . COX-2-derived prostaglandins may also regulate activation, proliferation, migration, and fusion of cultured myoblasts (7, 9) . Additionally, previous studies in pancreatic beta cells and liver have suggested that COX-2 activity increases insulin-like growth factor (IGF)-1 expression and signaling through Akt (17, 30) , a pathway that promotes compensatory hypertrophy in muscle (5, 21) . Finally, COX-2 is involved in regulation of the extracellular protease urokinasetype plasminogen activator (uPA) via production of the prostaglandin PGE 2 (22, 35) , and our previous study demonstrated that uPA is essential for muscle hypertrophy after synergist ablation (13) . While these studies indicate that COX-2 is involved in the regulation of certain aspects of muscle remodeling, the role of COX-2 in skeletal muscle hypertrophy has not yet been established.
The hypothesis of the present study was that COX-2 activity is required for compensatory hypertrophy in skeletal muscle by promoting uPA activity, inflammatory cell infiltration, Akt signaling, and cell proliferation. To test this hypothesis, we used a specific COX-2 inhibitor, NS-398, and the synergist ablation model of mechanical overload. Our data indicate that COX-2 is expressed in the plantaris muscle during hypertrophy and is required for compensatory growth. Potential mechanisms by which COX-2 inhibition may block muscle hypertrophy include reduction of extracellular protease activity, inhibition of macrophage accumulation, and downregulation of cell proliferation.
METHODS
Mice and experimental groups. Wild-type C57BL/6 mice were obtained from Harlan Laboratories. Mice were housed in groups of three to five mice at 22-24°C on a 12:12-h light-dark cycle. Food and water were provided ad libitum. All experiments were performed on 10-to 15-wk-old male mice and were approved by the Animal Care Committee of the University of Illinois.
For experiments on hypertrophy, mice were subjected to synergist ablation and treated daily with vehicle or NS-398, and plantaris muscles were collected at 14 days postablation (see Synergist ablation for details). For experiments on COX-2 localization, inflammatory cell accumulation, and cell proliferation, mice were subjected to synergist ablation and treated daily with vehicle or NS-398, and muscles were collected at 1, 3, 5 or 14 days postablation. For experiments on mRNA and protein analysis, mice were subjected to synergist ablation and treated daily with vehicle or NS-398, and muscles were collected at 5 days postablation. Additional control mice were not subjected to synergist ablation and were either left untreated or treated daily with NS-398 for 14 days.
Synergist ablation. Bilateral synergist ablation was performed as previously described (13) . Briefly, mice were anesthetized with intraperitoneal injection of ketamine (100 mg/kg) and xylazine (5 mg/kg). Under sterile conditions, a 1-cm incision was made on the lateral hind leg. Soleus and gastrocnemius muscles were removed, leaving the plantaris muscle and its neurovascular supply intact. The incision was closed with 7-0 nylon suture, and the procedure was repeated on the contralateral limb. NS-398 (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ; Cayman Chemical) was administered by intraperitoneal injection 2 h prior to synergist ablation and at the same time daily until muscle collection. Controls were treated with vehicle (33% vol/vol dimethyl sulfoxide in physiological saline). For analysis of cell proliferation, mice received 30 mg/kg 5-bromo-2Ј-deoxyuridine (BrdU) by intraperitoneal injection 1 h prior to muscle collection. Mice were euthanized by cervical dislocation while anesthetized. Plantaris muscles were removed and weighed, and then mounted in tissue freezing medium and frozen in isopentane chilled with dry ice for histological analysis or flash-frozen in liquid nitrogen for biochemical assays.
Protein content. Plantaris muscles (n ϭ 6 each for untreated and NS-398-treated controls, n ϭ 9 each for vehicle and NS-398-treated overloaded muscles) were homogenized with a dounce homogenizer in sample buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol, 2% SDS, 1 mM glycerol) supplemented with protease inhibitors (5 mM EDTA, 1 mM PMSF, 1 M leupeptin, and 0.3 M aprotinin). Samples were centrifuged at 16,000 g for 10 min at 4°C, and protein concentrations in the supernatant were determined (31) . Total protein content for each muscle was determined by multiplying the protein concentration by the volume of the homogenate.
COX-2 localization. Cryosections of 10-m thickness were cut from the midbelly of four muscles per time point, air-dried, fixed in cold acetone, washed with PBS, and blocked with buffer containing 3% BSA. Sections were then incubated overnight with primary antibodies for COX-2 (1:50, rabbit polyclonal; Cayman Chemical), CD31 (1:100, rat monoclonal; BD Biosciences), monocyte/macrophage-2 antibody (MOMA-2; 1:200 rat monoclonal; Serotec), and/or desmin (1:50, mouse monoclonal; Novocastra). Sections were then washed with PBS and incubated with FITC-conjugated anti-rabbit secondary antibody, or with TRITC-conjugated anti-rabbit and FITCconjugated anti-rat or anti-mouse secondary antibodies (1:200; Jackson ImmunoResearch). To visualize nuclei, slides were mounted with medium containing 4Ј,6 diamidino-2-phenylindole (Vector Laboratories). Images were acquired and merged using a Nikon Labphot-2 and SPOT software.
Inflammatory cell accumulation. Immunohistochemical analysis was performed as described (13) for four to eight muscles per group and time point after ablation. Cryosections were air dried, fixed in cold acetone, washed with PBS, quenched with 0.3% hydrogen peroxide, and washed with PBS. Sections were blocked with buffer containing 3% BSA and then incubated overnight with F4/80 antibody to label macrophages (1:100; Serotec), or Ly6G antibody to label neutrophils (1:100; BD Biosciences). Sections were then washed with PBS and incubated with biotinylated anti-rat secondary antibody (1:200; Vector Laboratories). After washing with PBS, sections were incubated with avidin D-horseradish peroxidase (1:1,000) and developed with a 3-amino-9-ethylcarbazole kit (Vector Laboratories). The number of labeled cells was counted in six images (magnification, ϫ20; Labphot-2, Nikon; SPOT software, Diagnostic Instruments) per muscle, and then normalized to volume of muscle sampled (area of fields ϫ section thickness).
Cell proliferation. Cell proliferation was assessed by staining for BrdU, which is incorporated into newly synthesized DNA (13), in muscles collected at 5 days postablation (n ϭ 5 for vehicle, n ϭ 7 for NS-398 treated). Cryosections were air-dried, fixed in cold acetone, washed with PBS, incubated in 2 N HCl, washed with basic PBS (pH 8.5), and then washed with neutral PBS (pH 7.6). Sections were then incubated in 0.1% IGEPAL and then placed in blocking buffer containing 3% BSA. Proliferating cells were labeled with a BrdU antibody (1:10, Roche) for 1 h. Sections were washed with PBS and then incubated with FITC-conjugated anti-mouse secondary antibody (1:200; Jackson ImmunoResearch). The number of labeled cells was counted in six images (magnification, ϫ20) per muscle, and then normalized to volume of muscle sampled.
uPA activity. uPA activity was assessed in soluble fractions of homogenates using zymography (23) . Muscles (n ϭ 4 per group) were homogenized in buffer [50 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 0.5% Triton X-100] supplemented with protease inhibitors (5 mM EDTA, 1 mM PMSF, 1 M leupeptin, and 0.3 M aprotinin). Samples were centrifuged, and the soluble fraction was collected, mixed with loading buffer, and then separated on SDS-PAGE gels containing ␣-casein (4 mg/ml) and human Glu-plasminogen (20 g/ml). Gels were washed in 1% Tween 20 in PBS and incubated in 0.1% Tween 20 in PBS overnight at 37°C. Finally, gels were stained with Coomassie blue dye and destained overnight. uPA activity was identified by the position of its lytic band (45 kDa) and quantified by densitometry.
Real-time PCR. Total RNA was isolated from seven to eight muscles per group using the RNeasy kit (Qiagen) following manufacturer's instructions. RNA quantity was determined by UV absorption at 260 nm, and quality was verified by the 260/280 nm absorption ratio. cDNA was synthesized from 1 g RNA using the Thermoscript RT-PCR System (Invitrogen). Real-time PCR was performed in a 7500 Fast System (Applied Biosystems) using TaqMan Universal PCR Master Mix and TaqMan Gene Expression Assay primer/probe sets (Applied Biosystems) for mouse IGF-1, uPA, plasminogen activator inhibitor (PAI)-1, atrogin-1, or GAPDH. The IGF-1 primers did not differentiate between muscle and endocrine IGF-1 transcripts. All reactions were performed in triplicate, and cycle threshold (CT) values were averaged over triplicates. Relative gene expression was determined using the 2 Ϫ⌬⌬CT method, as previously described (25), with nonablated muscle as baseline and GAPDH as endogenous control gene. Primer efficiency was verified using serial dilutions of sample cDNA.
Signaling.
Western blots were used to analyze signaling pathways previously associated with muscle growth (21) . Muscles (n ϭ 4 per group) were homogenized in buffer containing 40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, 25 mM ␤-glycerophosphate, 25 mM NaF, 1 mM Na3VO4, 10 g/ml leupeptin, and 1 mM PMSF. After homogenates had been centrifuged, the supernatant was mixed with concentrated reducing SDS buffer and separated on SDS-PAGE gels. Proteins were transferred to a polyvinylidene difluoride membrane, and membranes were blocked with 5% powdered milk and then incubated overnight at 4°C with phospho-specific primary antibodies against Akt (473), mammalian target of rapamycin (mTOR; 2481), p70 (389), or p70 (421/424) (Upstate Biotechnology). Membranes were washed and then probed with horseradish peroxidase-conjugated secondary antibody. Following another wash, blots were developed using an enhanced chemiluminescence kit (Amersham). Membranes were then stained with Coomassie blue to verify equal loading in all lanes. Densitometric measurements were carried out using the public domain National Institutes of Health Image program (ImageJ).
Statistics. Values are reported as means Ϯ SD. For comparisons of muscle mass and protein, protein phosphorylation levels, and mRNA levels, data were compared across treatment groups using one-way ANOVA. For comparisons of inflammatory cell accumulation, data were compared across treatment groups and time points using twoway ANOVA. The Student-Newman-Keuls post hoc test was used when ANOVAs demonstrated significance. For groups that did not pass tests of normality and equal variance, the nonparametric KruskalWallis ANOVA on ranks was used with Dunn's post hoc method. Comparisons of cell proliferation and uPA activity were made between treatment groups using t-tests. Differences between groups were considered significant if P Յ 0.05.
RESULTS

COX-2 inhibition reduces compensatory hypertrophy.
As expected, synergist ablation resulted in compensatory hypertrophy of the plantaris muscle. In vehicle-treated mice, synergist ablation resulted in an ϳ80% increase in plantaris mass on day 14 postablation relative to nonablated controls (Fig. 1A) . Total protein content increased by ϳ50% (Fig. 1B) , indicating that the increase in mass was not solely due to edema. Plantaris mass and protein content on day 14 postablation did not differ between untreated mice and those given a daily dose of vehicle (muscle mass and protein ϭ 32.0 Ϯ 2.6 mg and 3,674 Ϯ 349 g for untreated, 32.6 Ϯ 2.5 mg and 3,582 Ϯ 211 g for vehicle treated).
In NS-398-treated mice, hypertrophy of the plantaris muscle was reduced by ϳ75% compared with vehicle-treated controls (Fig. 1A) . This resulted in plantaris mass that was ϳ33% lower than in mice treated with vehicle at 14 days, and only ϳ20% higher than in nonablated controls. Protein content in NS-398-treated muscles at 14 days was also reduced relative to vehicle, and did not differ significantly from nonablated controls (Fig.  1B) . In mice not subjected to synergist ablation, treatment with NS-398 for 14 days did not alter plantaris mass or protein content (Fig. 1A-B) . In addition, body weight did not differ between vehicle-treated and NS-398-treated mice at 14 days postablation (25.0 Ϯ 1.1 g vs. 25.5 Ϯ 1.5 g).
COX-2 is expressed during compensatory hypertrophy. Immunofluorescence analysis was used to localize expression of COX-2 during compensatory hypertrophy. In muscle of nonablated control mice, COX-2 staining was sparsely distributed at the periphery of muscle fibers. COX-2-stained cells appeared to increase in number during compensatory hypertrophy ( Fig. 2A) . Dual fluorescence labeling was used to determine which cell types expressed COX-2 during hypertrophy. COX-2 expression was most often seen in or near nuclei, within or closely associated with muscle fibers or myogenic precursor cells, as evidenced by colocalization of COX-2 with 4Ј,6 diamidino-2-phenylindole and desmin (Fig. 2B) . We observed minimal COX-2 colocalization with the monocyte/macrophage marker MOMA-2 or with the endothelial cell marker CD31 (Fig. 2C) . Negative control sections stained with secondary antibody only showed no specific staining (Fig. 2D) .
COX-2 inhibition reduces macrophage accumulation. Immunohistochemistry was used to assess macrophage and neutrophil accumulation after synergist ablation. As expected, control muscles contained relatively few macrophages and neutrophils (80 Ϯ 149 per mm 3 and 2,960 Ϯ 2,488 per mm 3 , respectively). In vehicle-treated mice, macrophage accumulation was significantly increased compared with control values on days 1, 3, and 5 postablation, with a peak at day 5, before returning to control levels at day 14. NS-398 treatment reduced the macrophage number by ϳ80% at day 5 postablation (Fig. 3A) . In vehicle-treated mice, neutrophil accumulation peaked at day 1 postablation, and remained significantly above control levels until day 14 (Fig. 3B) . Treatment with NS-398 reduced neutrophil accumulation only on day 5 postablation, when neutrophil number had already been reduced to near control levels.
COX-2 inhibition reduces cell proliferation. Incorporation of BrdU into newly synthesized DNA was used to assess cell proliferation at day 5 postablation, the time point at which we previously observed a peak in proliferation (13) . In vehicletreated mice, a substantial number of BrdU-positive cells were observed in the plantaris muscle, indicating an abundance of proliferating cells. Treatment with NS-398 reduced the number of BrdU-positive cells by ϳ20% (Fig. 4) . As expected, very few proliferating cells were observed in the plantaris muscles of unoperated (24 Ϯ 48 per mm 3 ) and sham-operated animals at 5 days after sham surgery (36 Ϯ 55 per mm 3 ), and these values were not significantly different from zero. Fig. 1 . Cyclooxygenase (COX)-2 inhibition reduces compensatory hypertrophy. Plantaris mass (A) and total protein (B) were quantified for muscles from nonablated control mice, nonablated mice treated with NS-398 for 14 days, vehicle-treated mice at 14 days postablation, and NS-398-treated mice at 14 days postablation. NS-398 treatment did not significantly affect mass or protein content of muscles from nonablated mice. In vehicle-treated mice, synergist ablation resulted in increased plantaris mass and protein content. Treatment with NS-398 blunted this response. Data are presented as means Ϯ SD; n ϭ 6 -9 muscles/group. *Significantly different from nonablated control (P Յ 0.05). ‡Significantly different from vehicle-ablated mice (P Յ 0.05).
COX-2 inhibition reduces uPA activity with no change in mRNA expression.
To determine whether inhibition of COX-2 results in altered uPA activity during muscle hypertrophy, casein zymograms were generated to evaluate uPA activity in the plantaris muscle at day 5 postablation, the time point at which maximum uPA activity was previously observed (13) . uPA activity was reduced by NS-398 treatment compared with vehicle ( Fig. 5A ), indicating that COX-2 inhibition did indeed reduce uPA activity following synergist ablation. We also assessed expression of uPA and its inhibitor PAI-1 at the mRNA level using real-time PCR. While synergist ablation resulted in increased mRNA expression of both uPA and PAI-1, treatment with NS-398 had no effect on expression of either gene (Fig. 5, B and C) .
COX-2 inhibition does not alter expression of IGF-1 or phosphorylation of Akt, mTOR, or p70S6K during hypertrophy.
We used real-time PCR to quantify IGF-1 expression during compensatory hypertrophy. Synergist ablation produced a ϳ24-fold elevation in IGF-1 mRNA expression at day 5 postablation compared with unoperated controls. However, Fig. 2 . COX-2 is expressed in muscle during compensatory hypertrophy. A: COX-2 expression in plantaris was visualized by immunofluorescence in control muscle and at 1, 3, and 5 days postablation. B: localization of COX-2 expression at 5 days postablation was determined using immunofluorescence for COX-2 (red) and desmin (green). Nuclei were counterstained with 4Ј,6 diamidino-2-phenylindole (blue). COX-2 fluorescence was most often associated with nuclei within or near desmin-positive cells. C: immunofluorescence for COX-2 (red) and CD31 (green, left) or MOMA-2 (green, right) at 5 days postablation. COX-2 exhibited little colocalization with either the endothelial cell marker CD31 or the monocyte/macrophage marker MOMA-2. D: representative images of negative controls for muscles at 5 days postablation. Negative controls at other time points were similar. All images in Fig. 2 are representative of at least 4 muscles per condition. IGF-1 expression was not altered by treatment with NS-398 (Fig. 6A) . Additionally, Western blots with phospho-specific antibodies were used to analyze the activity of the Akt, mTOR, and p70S6K signaling molecules. Phosphorylation of Akt, mTOR, and p70S6K increased at day 5 postablation in both vehicle-and NS-398-treated muscles (Fig. 6, B and C) . However, NS-398 treatment did not significantly alter phosphorylation of any of these signaling molecules.
Ubiquitin ligase expression decreases during compensatory hypertrophy. We used real-time PCR to quantify expression of the E3 ubiquitin ligase atrogin-1 following synergist ablation. Atrogin-1 expression was reduced by ϳ95% on day 5 postablation, but was unaffected by treatment with NS-398 (Fig. 7) , suggesting that COX-2 inhibition does not alter this component of the proteasomal degradation pathway.
DISCUSSION
Previous studies have shown that components of the acute inflammatory response may be required for skeletal muscle remodeling following increased mechanical loading or injury (8, 9, 10, 13, 40, 42) . Therefore, we hypothesized that COX-2 activity is necessary for compensatory muscle hypertrophy. The major findings of this study were that inhibition of COX-2 with NS-398 blunts muscle hypertrophy following synergist ablation. Associated with this impaired hypertrophy were decreases in uPA activity, macrophage accumulation, and cell proliferation, processes which have been previously shown to be required for muscle growth (1, 13) . The impairment of hypertrophy occurred despite no differences in phosphorylation of Akt, mTOR, and p70S6K, which is thought to promote muscle growth (4, 21) . In short, these findings indicate that COX-2 activity is required for compensatory muscle hypertrophy, possibly through its effects on extracellular protease activity, macrophage accumulation, and cell proliferation.
Recent studies have shown that COX-2 is expressed in muscle during regeneration and during recovery from atrophy (8, 9 ). Our results demonstrate that COX-2 is also expressed during compensatory hypertrophy. Concordant with a study on recovery from atrophy (9), COX-2 expression during hypertrophy was most prominent in or near nuclei within or closely associated with muscle cells. COX-2 colocalized strongly with the muscle cell marker desmin, but not with the monocyte/ macrophage marker MOMA-2 or the endothelial marker CD31, suggesting that muscle fibers and/or myogenic precursor cells are the primary source of COX-2 during hypertrophy.
One potential mechanism by which COX-2 inhibition may blunt muscle hypertrophy is through a reduction in uPA activity. Our present data indicate that COX-2 inhibition results in decreased uPA activity during muscle overloading, and we previously demonstrated that uPA is essential for skeletal muscle hypertrophy (13) . uPA could promote muscle hypertrophy through its influence on extracellular matrix remodeling (12), regulation of growth factor bioactivity (44, 48, 49) , modulation of the inflammatory response (10, 13), and direct effects on myogenic precursor cells (6, 15) . Consistent with our current results, inhibition of COX-2 reduced uPA activity in corneal organ culture (35) . Based on another recent study in which uPA mRNA was reduced by COX-2 inhibition in gastric cancer cells (22) , we also expected that uPA mRNA expression would be modulated by COX-2 during skeletal muscle hypertrophy. However, we found that mRNA expression of uPA and its inhibitor PAI-1, while elevated during hypertrophy, were not altered by COX-2 inhibition. This suggests that, during skeletal muscle hypertrophy, COX-2 upregulates uPA activity at a posttranscriptional level. uPA is secreted as a zymogen, and is activated by proteolytic processing by plasmin (2) . In addition, uPA undergoes several posttranslational modifications, including glycosylation, phosphorylation, and fucosylation (2). Whether COX-2 influences uPA activity via any of these processes remains to be determined.
A second mechanism by which COX-2 inhibition may decrease muscle hypertrophy is through a reduction in macrophage accumulation; COX-2 inhibition in the present study dramatically reduced peak macrophage accumulation following synergist ablation, and our previous study demonstrated that macrophage accumulation is required for compensatory hypertrophy (13) . Macrophages may assist in muscle remodeling by phagocytosing damaged tissue (29) , releasing soluble factors that promote proliferation of myogenic precursor cells (11) , and inhibiting apoptosis of myoblasts and myotubes (43) . In addition, macrophages produce factors such as IGF-1 that could increase protein synthesis and hypertrophy in mature muscle fibers (13) . Peak neutrophil accumulation during compensatory hypertrophy was unaffected by COX-2 inhibition, indicating that the reduction in macrophage number was spe- cific and not due to a general defect in inflammatory cell responses. Recent studies have suggested that COX-2-derived prostaglandins promote macrophage chemotaxis (36, 45) . In addition, COX-2 metabolites influence vascular responses that could also affect macrophage accumulation (20) . Furthermore, our previous studies have demonstrated that uPA is required for macrophage chemotaxis (10) and for macrophage accumulation during muscle regeneration (10) and compensatory hypertrophy (13) . Thus, reduction of uPA activity by COX-2 inhibition may have contributed to the decrease in macrophage accumulation observed in the present study.
A third mechanism by which COX-2 inhibition may result in reduced muscle hypertrophy is through impairment of cell proliferation; COX-2 inhibition in the present study reduced cell proliferation during compensatory hypertrophy. These proliferating cells could be myoblasts, macrophages, fibroblasts, or other cells, all of which may be important during hypertrophy. For example, addition of nuclei to muscle fibers during hypertrophy requires activation of muscle satellite cells, which then proliferate and fuse with mature fibers (19) , and previous studies have shown that COX-2-derived prostaglandins promote proliferation of myogenic cells in vitro (9, 34) . Interestingly, irradiation of the rat hindlimb largely prevented such nuclear addition and subsequent compensatory hypertrophy (1) . This occurred despite increased expression of IGF-1 related molecules and changes in cellular signaling that were not different from those in nonirradiated muscle. These findings parallel those of the present study, in which COX-2 inhibition resulted in a reduction in hypertrophy despite a lack of effect on cell signaling. Finally, our previous study demonstrated that uPA deficiency or macrophage depletion reduces cell proliferation during hypertrophy (13) . Since our present data indicate that COX-2 inhibition reduces uPA activity and macrophage accumulation, either of these mechanisms may contribute to the reduction in cell proliferation.
Mechanical stimuli, nutrients, or growth factors, such as IGF-1, can activate signaling through Akt, mTOR, and p70S6K (21) , which promotes protein synthesis and skeletal muscle growth (4). Since COX-2 promotes IGF-1 expression and Akt signaling in other cell types (17, 30) , we hypothesized that COX-2 inhibition would reduce IGF-1 expression and downstream signaling during hypertrophy, and this could be responsible for the observed reductions in muscle mass and protein content. However, our data indicate that COX-2 inhibition did not alter mRNA expression of IGF-1 and did not produce any significant alterations in phosphorylation of Akt, mTOR, or p70S6K at 5 days postablation. While COX-2 inhibition does reduce skeletal muscle hypertrophy, the mechanism does not seem to involve altered IGF-1 expression or signaling through Akt, mTOR or p70S6K. The increase in muscle protein content during compensatory hypertrophy is likely due to a combination of increased protein synthesis and decreased protein degradation (39) , the latter partly via the ubiquitin-proteasome pathway. The E3 ubiquitin ligase atrogin-1 is upregulated during atrophy (16) and after burn injury (24) , and is downregulated by IGF-1 through Akt and mTOR (16, 24, 39) . Our data indicate that atrogin-1 mRNA expression is markedly decreased during compensatory hypertrophy. This may result in decreased proteasome-mediated protein degradation and may contribute to increased total muscle protein content (26) . In addition, a previous study has suggested a role for COX-2 in the regulation of atrogin-1 expression in muscle during experimental arthritis (17) . However, in the present study, COX-2 inhibition did not affect atrogin-1 expression, despite reductions in total muscle protein content. Thus COX-2 inhibition may have caused a decrease in protein synthesis, or may have increased protein degradation via another pathway. The prostaglandins PGF 2␣ and PGE 2 have previously been implicated in regulation of muscle protein synthesis (37, 41) and degradation (37, 38) , respectively, although conflicting reports have been generated (3, 18, 28) . Ibuprofen, which inhibits both COX-1 and COX-2, reduces muscle PGF 2␣ content (47) and protein synthesis (46) after exercise, so we suspect that protein synthesis was also reduced in the presence of the specific COX-2 inhibitor NS-398.
A limitation of this study is potential nonspecific effects of the COX-2 inhibitor NS-398 during compensatory hypertrophy. However, in vivo experiments with rats demonstrated that NS-398 blocked COX-2-mediated prostaglandin production, but did not block COX-1-mediated prostaglandins (27) . In addition, NS-398 has been used to block prostaglandin production in cultured muscle cells and impair muscle regeneration in vivo (40) . Nonetheless, the potential for nonspecific effects of NS-398 remains. Future experiments to determine whether administration of prostaglandins rescues compensatory hypertrophy in NS-398-treated mice would provide strong evidence on the specificity of NS-398 on COX-2 during hypertrophy.
Perspectives and Significance
Our data show that COX-2 activity is required for skeletal muscle hypertrophy, possibly through facilitation of uPA activity, macrophage accumulation, and cell proliferation. Inhibition of COX-2 reduced hypertrophy despite the absence of an effect on signaling associated with hypertrophy. These data indicate that nonmuscle cell types and extracellular processes contribute to the hypertrophic process. From a practical standpoint, anti-inflammatory strategies are commonly used to treat muscle pain and soreness that can result from exercise. Although much remains to be learned about the role of inflammatory processes in muscle hypertrophy, especially in humans, reducing COX-2 activity and acute inflammation has potential for hampering the very adaptations at which exercise training is aimed.
